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ABSTRACT
Quartz veins hosted by the high-grade crystalline rocks of the Modum complex, Southern Norway, formed when
basinal fluids from an overlying Palaeozoic foreland basin infiltrated the basement at temperatures of c. 2208C (higher
in the southernmost part of the area). This infiltration resulted in the formation of veins containing both two-phase
and halite-bearing aqueous fluid inclusions, sometimes with bitumen and hydrocarbon inclusions.
Microthermometric results demonstrate a very wide range of salinities of aqueous fluids preserved in these veins,
ranging from c. 0 to 40 wt% NaCl equivalent. The range in homogenization temperatures is also very large (99–3228C
for the entire dataset) and shows little or no correlation with salinity.
A combination of aqueous fluid microthermometry, halogen geochemistry and oxygen isotope studies suggest that
fluids from a range of separate aquifers were responsible for the quartz growth, but all have chemistries comparable to
sedimentary formation waters. The bulk of the quartz grew from relatively low d18O fluids derived directly from the
basin or equilibrated in the upper part of the basement (T< 2008C). Nevertheless, some fluids acquired higher sali-
nities due to deep wall-rock hydration reactions leading to salt saturation at high temperatures (>3008C).
The range in fluid inclusion homogenization temperatures and densities, combined with estimates of the ambient
temperature of the basement rocks suggests that at different times veins acted as conduits for influx of both hotter
and colder fluids, as well as experiencing fluctuations in fluid pressure. This is interpreted to reflect episodic flow linked
to seismicity, with hotter dry basement rocks acting as a sink for cooler fluids from the overlying basin, while detailed
flow paths reflected local effects of opening and closing of individual fractures as well as reaction with wall rocks.
Thermal considerations suggest that the duration of some flow events was very short, possibly in the order of days.
As a result of the complex pattern of fracturing and flow in the Modum basement, it was possible for shallow fluids to
penetrate basement rocks at significantly higher temperatures, and this demonstrates the potential for hydrolytic
weakening of continental crust by sedimentary fluids.
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INTRODUCTION
The penetration of surface-derived fluids into crystalline
rocks is well known in shallow settings but the extent and
depth of such penetration remains uncertain. Recently, deep
drilling has documented the presence of brines at near-
hydrostatic pressures in fractures in basement rocks at depths
up to 9 km (e.g. Mo¨ller et al. 1997; Smith et al. 1998; Stober
& Bucher 1999), i.e. throughout most of the upper crust,
while oxygen isotope studies have suggested surface fluid
has infiltrated the top 10 km of the crust in shear zones, meta-
morphic core complexes and around magmatic systems (e.g.
Taylor 1977, 1990; Frape & Fritz 1987; Wickham et al.
1993; Morrison 1994). While there is a clear thermodynamic
gradient to drive fluid infiltration into basement rocks from
above (Frost & Bucher 1994; Yardley & Valley 1997), it is
not clearly established whether downward infiltrating fluid
can penetrate beyond the fractured upper part of the crust,
nor whether it can influence the rheology of the crust to a sig-
nificant degree.
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This study is based on an investigation of coarse quartz
veins hosted by high-grade basement rocks of the Modum
district of Southern Norway. The veins had previously been
identified as having formed in response to infiltration of
sedimentary basin fluids because of the presence of fluid
inclusions of biogenic hydrocarbonsCO2 as well as of
saline water, together with solid inclusions of bitumen
(Munz et al. 1995, 2002). Here, we focus on the behaviour
of water and brines from the same quartz veins from the
Modum area whose hydrocarbons were described in a com-
panion paper (Munz et al. 2002) in order to clarify the
mechanisms by which surface derived fluids can infiltrate
crystalline basement rocks.
GEOLOGICAL SETTING
The Modum complex is an area of Precambrian metamorphic
and igneous basement rocks, located immediately to the west
of Oslo and the Oslo Graben (see Munz et al. 2002; Fig. 2).
The major features of the geology are summarized by Munz
et al. (1995, 2002). The complex itself is primarily composed
of metasediments and metagabbros that were deformed and
metamorphosed in the Sveconorwegian orogeny. It acted as a
basement for deposition of Lower Palaeozoic shales and car-
bonates, succeeded by foreland basin clastics that were for-
merly extensive, but are now only preserved in local rift
basins. Rifting was initiated in late Carboniferous times and
most notably resulted in the development of the Oslo Gra-
ben, active through Permian times and dominated by syn-rift
volcanics and plutons. Among the youngest geological fea-
tures of the Modum complex are sets of vuggy-textured
quartz veins that occur within high-grade metasediment
and metagabbro hosts. The veins predate the emplacement
of N–S orientated diabase dykes, believed to be part of the
Permian rift valley province. However, they also contain fluid
inclusions of hydrocarbons with distinctive signatures indica-
tive of an origin from the Cambro-Ordovician Alum shale
that formerly overlay the complex and is preserved at the
adjacent margin of the Rift Valley (Munz et al. 2002). As a
result, Munz et al. (2002) proposed that the veins most likely
formed during basement extension beneath a Caledonian
foreland basin succession.
QUARTZ VEINS
Field relations
Quartz veins with brine, bitumen and/or carbonaceous fluids
as inclusions are hosted by metasediments and to a lesser
extent by metagabbros. Vein localities and their distribution
amongst the main groups of basement rocks are shown in
Munz et al. (2002; their Fig. 2). The veins are largely com-
posed of coarse prismatic quartz crystals (<10 cm) that have
grown in from the walls at a high angle. Veins may have a thin
albite selvage, and bitumen, chlorite or carbonate may occur
in the centre. Contacts with host rocks are sharp and planar
and the veins exhibit no consistent preferred orientations
(Munz et al. 2002; their Fig. 3), nor are their orientations
related to structures in the host rocks, except sometimes very
locally. Veins have variable sizes and aspect ratios, ranging
from planar sheets to isolated pods, with thickness ranging
from a few millimetres to several tens of centimetres.
Coarse actinolite is present in a few late quartz veins from
Embretsfoss in the south, but these do not show the same
internal texture of euhedral quartz crystals and may have a
different origin. Basement rocks in the Modum area also con-
tain small, cross-cutting, quartz-filled fractures with bitumen,
while veinlets predominantly of bitumen with small euhedral
quartz crystals and vermicular chlorite are also locally present.
A fuller description of the occurrence and textures of bitu-
men in veins can be found in Munz et al. (2002).
Although the late quartz veins studied here may be accom-
panied by minor albite, there is also much more widespread
albitization of the basement rocks of the Modum area (Munz
et al. 1994). While the youngest, chessboard albite features
appear to have formed at similar temperatures to the late
quartz veins, much of the retrograde albitization is not
related to late quartz veins, and is clearly older than them
(Munz et al. 1995).
Vein petrography
Primary growth zoning of the euhedral quartz crystals is
commonly apparent in thin section, or even in outcrop, and
results from alternating bands of milky quartz containing
abundant fluid inclusions and clear, inclusion-free quartz;
zones of dark bitumen inclusions also commonly pick out
growth zones (Munz et al. 1995). Doubly polished fluid
inclusion wafers were used for fluid inclusion microthermo-
metry and for cathodoluminescence (CL) imaging using a
Camscan CS-44 SEM, equipped with a LaB6 emitter. CL
investigations of the cloudy zones in such crystals show com-
plex quartz textures, with an early bright white luminescent
quartz occurring as isolated patches in a small number of
samples. More commonly, a luminescent bright, grey quartz
occurs which is in turn fractured by several generations of a
dark, poorly luminescent quartz. Similarly, the inclusion-free
growth zones are made up of dark, poorly luminescent
quartz. Bitumen occurs as solid inclusions and within petro-
leum fluid inclusions, and on a larger scale as vein infills in the
quartz veins and as veins in the host-rocks (Munz et al.
2002).
P–T conditions of vein formation
A major aim of this paper is to present information about the
pressure and temperature condition of the fluids during vein-
ing, and the extent to which these deviate from ambient
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temperature and lithostatic pressure. Here, we summarize
what is known of these parameters at the time of veining.
Munz et al. (2002) obtained very similar temperature esti-
mates from both the compositions of chlorite inclusions in
vein quartz associated with bitumen (Cathelineau & Nieva
1985), and from bitumen reflectance. The consistency of
these two independent thermometers (chlorite geothermo-
metry yielded results c. 208C higher than bitumen reflec-
tance) suggests that they provide a reasonable guide to the
ambient wall rock temperatures at the time of veining. Aver-
aged results indicated temperatures of c. 2208C for most
localities, but more reflective bitumen from Embretsfoss in
the south (Eakin 1989) indicated a higher temperature there.
No chlorite analyses are available for Embretsfoss, but the
reflectance data indicates a temperature c. 358C higher than
that recorded further north, so an ambient temperature at
Embretsfoss of c. 2558C has been assumed here.
An estimate of the minimum lithostatic pressure at the bot-
tom of the sedimentary basin has been made by assuming an
overburden thickness of 4 km, based on maximum estimates
of thickness for the Caledonian foreland basin over Southern
Norway in the late Palaeozoic (Bjørlykke 1983; Neumann
et al. 1992; Rohrman et al. 1994; Larson et al. 1999). Munz
et al. (2002) concluded that the densities of hydrocarbon
inclusions in the late quartz veins were consistent with trap-
ping under hydrostatic pressure conditions at a depth of
about 5 km, i.e. c. 1 km below the estimated top of the base-
ment. In view of these results, we have assumed that the
minimum value for the lithostatic pressure at the site of vein
formation in the basement was 1.2 kbar.
FLUID INCLUSION INVESTIGATIONS
Analytical methods
Fluid inclusion microthermometric analyses were carried out
using a Linkam MDS 600 heating freezing stage calibrated
using the techniques described in Shepherd et al. (1985).
Precision on freezing temperatures is 0.28C and on homo-
genization/halite dissolution temperatures is 18C. Salinity
data is reported in wt% NaCl equivalents, and is calculated
using the equations of Bodnar (1994) for liquid–vapour
inclusions and Sterner et al. (1988) for halite-bearing inclu-
sions (see below). The equations of Sterner et al. (1988) can
only be applied accurately to inclusions that undergo halite
dissolution before liquid–vapour homogenization, and will
underestimate the salinity of inclusions that homogenize by
halite dissolution. Nevertheless, Bodnar (1994) suggested
that the calculated salinity is accurate to within c. 1.3 wt%
NaCl equivalent, and so no correction has been attempted.
It is, however, notable that there is a break of about 4% in
the equivalent NaCl percentage values calculated from the
two formulae (compare the filled and open symbols in
Fig. 1), and it is possible that this is an artefact of the applica-
tion of these different formulae to natural, calcic brines. Fluid
densities were calculated from Zhang & Frantz (1987).
Fig. 1. Plot of homogenization temperatures ver-
sus salinity. This plot is contoured for fluid densities
calculated using the equations of Zhang & Frantz
(1987). Type 4 inclusions are two phase (liquid and
vapour inclusions), Type 5 inclusions are three
phase and contain a halite daughter mineral.
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Crush-leach analyses of fluid inclusions were carried out on
hand-picked quartz separates. All the samples were cleaned
and analysed using the procedures outlined in Bottrell et al.
(1988) and Banks & Yardley (1992). Anions (Cl and Br) and
Na were determined using a Dionex 4500 ion chromato-
graph.
Fluid inclusion petrography
In total, five types of fluid inclusions have been distinguished
in the quartz veins. Three types of hydrocarbonCO2 inclu-
sions have been described from the Modum area by Munz
et al. (1995, 2002). These inclusions are most commonly
found in secondary trails, cross-cutting growth zones,
although some pseudosecondary hydrocarbon inclusions
have also been observed.
This study is primarily concerned with aqueous inclusions
that are abundant in all samples. Two types of aqueous inclu-
sions are present: the most common are two phase liquid and
vapour inclusions (Type 4). These vary in size from 3–70mm
with a modal size around 20 mm, and occur as primary, sec-
ondary and pseudosecondary inclusions in all samples. Addi-
tionally, in several samples aqueous inclusions containing
halite daughter cubes (Type 5) have been observed. These
inclusions are commonly <10mm in size and make up less
than a few percent of the fluid inclusions in the sample; they
commonly occur as secondary trails. The samples have an
extremely high density of fluid inclusions and relating fluid
compositions to specific quartz growth phases was proble-
matic. Due to the variability in the inclusions (see below) it
was decided to carry out a detailed study of one sample from
several locations to constrain the fluid composition (see
Tables 1 and 2).
Inclusions exhibiting signs of necking were not measured
in this study and none of the textural features of decrepitation
have been observed. Furthermore inclusions are hosted by
prismatic quartz crystals that have not undergone deforma-
tion after growth, apart from some cracking that led to the
trapping of secondary inclusions. For these reasons, we have
interpreted the variability in the composition and density
between individual inclusions as genuinely representing var-
iations in fluid composition, temperature and pressure during
the vein growth and trapping history, and not the result of
modification of inclusions after they were first trapped.
Carbonaceous inclusions
The petroleum inclusions encountered in the Modum quartz
veins are of gas condensate type and have been classified into
three groups on the basis of microthermometry, fluorescence
microscopy and Raman spectroscopy by Munz et al. (2002).
They range from simple CH4 and CO2 dominated inclusions,
often with minor light hydrocarbons, through to complex
fluorescent hydrocarbon fluids and solids. The isotopic com-
positions of bitumen and gas condensate compounds clearly
indicate a biogenic source for the carbon while the abun-
dance of light cyclic compounds is consistent with pyrolysates
from the Alum shale (Munz et al. 2002).
Aqueous fluids
Aqueous fluid inclusions are abundant in milky vein quartz,
and often define primary growth zones, although some aqu-
eous inclusions are clearly secondary or pseudosecondary in
origin. No systematic differences are apparent between the
compositions or densities of primary and secondary aqueous
Table 1 Results of the microthermometric study.
Locality Sample Type Tfm Tmi Tmh Tms Th (L–V) Wt% NaCl
Døvikkollen (9) D11/2 4 56 to 22 19.4 to 0.5 – NA 145–240 0.8–22.0
D11/3 4 56 to 21 19.2 to 0.6 – NA 120–196 1.1–21.9
D11/3 5a 38 – – 320 195 37.8
D11/4 4 26 to 21 13 to 1.3 – NA 151–200 2.9–17.2
D11/5 4 23 to 21 11.5 to 2.7 – NA 153–193 4.5–11.8
D11/6 4 22 to 21 16.5 to 2.4 – NA 141–209 4.0–19.9
Høga˚s (5) H10B/1 4 45 to 21 25.1 to 2.7 – NA 99–185 4.5–25.6
H10B/1 5a 55 to 50 – – 221–291 111–142 32.7–36.2
H10B/2 5a 57 to 35 – – 161–302 108–173 30.1–38.6
9B1 4 27 to 22 10.6 to 4.7 19 to 18 NA 134–222 7.4–14.7
Rasmusbra˚ten (2) R25A1 4 – 17.8 to 0.4 – NA 143–230 20.8–0.5
R25A1 5a – – – 158, 267 129, 198 30, 35
Embretsfoss (1) A4J1/1 4 52 to 20 23.4 to 6.7 26 to þ2 NA 117–303 10.1–24.6
A4J1/1 5a 46 – – 299–322 227–278 36.2–37.0
A4J1/1 5b 52 – – 161–205 235–269 30.1–33.1
All temperatures are in 8C. Tfm: temperature of first ice melting equivalent to the eutectic temperature; Tmi: temperature of ice melting; Tmh: temperature of
hydrate melting; Tms: halite dissolution temperature; Th: total homogenization temperature for Type 4 and 5a inclusions and the L–V homogenization for Type
5b; NA: Not applicable. Locality numbers in parenthesis are those used by Munz et al. (2002).
36 S. A. GLEESON et al.
# 2003 Blackwell Publishing Ltd, Geofluids, 3, 33–48
Table 2 Mineral oxygen isotopic data and Cl–Br–
Na ratios of the inclusion fluids. Sample Mineral Split Location d
18O Cl/Br Na/Br
A4J1 Quartz a Embretsfoss (1) 7.5 504 378
Quartz b Embretsfoss (1) 5.0
6D Quartz Embretsfoss (1) 520 428
A7K2 Quartz a Embretsfoss (1) 5.7
Quartz b Embretsfoss (1) 7.9
Quartz c Embretsfoss (1) 8.3
Quartz d Embretsfoss (1) 8.5
A7K1 Quartz a Embretsfoss (1) 6.6 361 291
Quartz b Embretsfoss (1) 5.4
Quartz c Embretsfoss (1) 6.2
A7H Quartz Embretsfoss (1) 328 267
6F Quartz Embretsfoss (1) 545 140
4J Quartz Embretsfoss (1) 436 357
4J3 Quartz Embretsfoss (1) 621 427
A80 Quartz Embretsfoss (1) 1266 831
9A1a Quartz a Høga˚s (5) 8.3 305 241
Quartz b Høga˚s (5) 9.1
Quartz d Høga˚s (5) 9.7
Quartz e Høga˚s (5) 10.2
9B1 Quartz Høga˚s(5) 368 283
9A Quartz Høga˚s(5) 300 204
H9B2 Quartz Høga˚s(5) 269 149
H10A Quartz b Høga˚s (6) 8.8 1143 858
Quartz c Høga˚s (6) 8.7
H10B Quartz a Høga˚s (6) 8.2 1162 784
Quartz b Høga˚s (6) 7.9
H10C Quartz Høga˚s(6) 804 503
H10D Quartz Høga˚s(6) 682 526
D11D1 Quartz a Døvikkollen (9) 9.7
Quartz b Døvikkollen (9) 8.5
Quartz c Døvikkollen (9)) 9.9
D11A3 Quartz a Døvikkollen (9) 9.3 767 605
D11 Quartz a Døvikkollen (9) 9.7
Quartz b Døvikkollen (9) 9.6
Quartz c Døvikkollen (9) 11.1
Quartz d Døvikkollen (9) 8.8
D11A Quartz Døvikkollen (9) 823 553
D11C Quartz Døvikkollen (9) 811 592
K13B1 Quartz a Kolsrudseter (3) 8.7 396 215
Quartz b Kolsrudseter (3) 8.6
K13A1 Quartz a Kolsrudseter (3) 291 172
Quartz b Kolsrudseter (3) 8.0
Quartz c Kolsrudseter (3) 9.6
Quartz d Kolsrudseter (3) 9.4
Quartz e Kolsrudseter (3) 8.7
Quartz f Kolsrudseter (3) 8.3
14A1 Quartz a Damtjernveien (7) 8.7 275 164
Quartz b Damtjernveien (7) 9.0
Quartz b Damtjernveien (7) 9.5
R25A1 Quartz a Rasmusbra˚ten (2) 9.0 357 223
Quartz b Rasmusbra˚ten (2) 8.4
Quartz c Rasmusbra˚ten (2) 8.6
R25B Quartz Rasmusbra˚ten (2) 10.8 766 576
R25A Quartz Rasmusbra˚ten (2) 368 246
R25A3 Quartz Rasmusbra˚ten (2) 493 322
H10B Albite d Høga˚s 6.7
H10B Albite c Høga˚s 4.7
643A Actinolite Embretsfoss 11.6
643B Actinolite Embretsfoss 12.8
Gabbro 1 Embretsfoss 7.0
Gabbro 2 Embretsfoss 7.1
Locations in parenthesis are those of Munz et al. (2002).
Samples were analysed by microthermometry.
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inclusion fluids. While some aqueous inclusions are of hyper-
saline brine (Type 5), the overall dataset (Table 1) is remark-
able for the very wide range of fluid salinities, indicated by
their freezing behaviour, and the wide range of homogeniza-
tion temperatures (see below).
Microthermometric results
A summary of the microthermometric results is presented in
Table 1. The bulk of first ice melting temperatures in Type 4
inclusions occur in the range 19.2 to 25.08C and suggest
that the fluids in these veins are dominated by NaClKCl
salts. However, a proportion of Type 4, and all Type 5 inclu-
sions have lower first ice melting temperatures suggesting a
significant Ca-content.
Last ice melting in Type 4 inclusions occurs over a wide
range of temperatures from 0.1 to 25.18C. Samples from
Døvikkollen, Høga˚s and Rasmusbra˚ten show a similar range
in values, while mean ice melting temperatures from
Embretsfoss are lower (Table 1).
All the Type 4 aqueous inclusions homogenize to the
liquid phase, and except for the Embretsfoss population,
homogenization temperatures are in the range 99–2398C
with strong modes at 150 and 1908C. Inclusions from
Embretsfoss have higher homogenization temperatures,
from 117 to 3708C, with the bulk in the range 210–
3008C. This conclusion is in agreement with the higher bitu-
men reflectance temperatures recorded from Embretsfoss
(Munz et al. 2002).
Type 5, halite-bearing inclusions have been identified at all
localities. Upon heating from frozen, halite cubes react with
the fluid to form hydrohalite that is stable to 0.08C. Once this
temperature is reached the hydrohalite rapidly melts and
halite cubes reform. Homogenization of these inclusions
takes place in two ways. The bulk of the halite-bearing inclu-
sions undergo partial homogenization to the liquid phase by
vapour bubble disappearance before total homogenization
occurs at higher temperatures by halite dissolution (Type
5a). In a small number of secondary inclusions, however,
halite dissolves first before the inclusion homogenizes to
the liquid phase by vapour dissolution (Type 5b; Fig. 2).
Homogenization temperatures range from 151 to 3228C
and halite dissolution temperatures yield equivalent NaCl
salinities from 30 to 39.5 wt% (Fig. 1).
Taking the results from Type 4 and 5 inclusions together,
Fig. 1 clearly demonstrates the very wide range of aqueous
fluids preserved in these veins, ranging from modest salinities
through to salt saturation at elevated temperatures. The
range in homogenization temperatures between nearby
inclusions is also remarkable, and largely not correlated with
salinity. It is also worth noting that although the inclusions
are found in samples that contain hydrocarbon inclusions,
no methane was detected in the aqueous inclusions during
the microthermometric study. While methane at saturation
levels might be difficult to detect in the brines, some evidence
should have been apparent in the low salinity fluids if they
were methane saturated.
Fluid density
The densities of aqueous fluids as a function of temperature
and salinity have been calculated using the equations of
Zhang & Frantz (1987), and are shown as contours on
Fig. 1. There is a wide range in densities in the dataset, ran-
ging from less than 0.82 to 1.16 g cm3 due to variations in
both salinity and homogenization temperature. The lack of a
systematic overall correlation between the different causes of
density variation is remarkable. The microthermometric data
from Døvikkollen, for example, has fluids that vary in density
from 0.88 to 1.05 g cm3 due to changes in salinity at rela-
tively constant homogenization temperature (c. 1808C)
within a single growth zoned sample. In contrast, the Type
4 inclusions from Embretsfoss have variable densities at more
or less constant salinity. The range of density in the petro-
leum fluids lies at lower values, ranging from 0.183 to
0.371 g cm3 (Munz et al. 2002).
Crush-leach analysis of bulk inclusion populations
Because all samples analysed contained multiple populations
of inclusions, the data obtained from the crush-leach analyses
is an average fluid composition per sample; however, some
aspects of the analyses remain sufficiently robust to be of
value. In view of the large variability in fluid salinity within
individual samples, analyses are treated only as molar ratios,
not as absolute concentrations.
Figure 3(A) summarizes the Cl/Br data of all samples ana-
lysed. Cl/Br ratios range from 269 to 1266 over the whole
Fig. 2. Plot of halite dissolution temperatures against liquid–vapour homo-
genization temperatures. Inclusions from Embretsfoss homogenize to liquid
both by halite dissolution and by vapour disappearance.
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dataset, with samples from Embretsfoss, and Høga˚s having a
particularly large range in values. All three samples from
Døvikkollen have similar Cl/Br ratios (767–823) that are
slightly higher than that of seawater (659). Similarly, four
samples from Høga˚s, one from Embretsfoss and one from
Rasmusbra˚ten are dominated by fluids with Cl/Br ratios
greater than seawater, suggesting these fluids have acquired
Cl relative to Br. These values are comparable with those
published by Munz et al. (1995). The bulk of the samples
from this study, however, yield Cl/Br ratios that are signifi-
cantly lower, i.e. their fluids are enriched in Br relative to sea-
water. Since the effect of the mixed fluid populations in each
analysed sample is to minimize variability, the large spread in
the Cl/Br ratios is surprising. This result reinforces the earlier
work of Munz et al. (1995), who in one case were able to
show variations in Cl/Br between crystal zones rich in
bitumen inclusions, and clearer zones of the same crystal.
In this study no correlation was found between the Cl/Br
ratios and the composition of the hydrcarbon fluid inclusions
suggesting the large variations in Cl/Br indicates that either a
diverse range of brine origins were represented in the source
reservoirs for the vein fluids, or halite precipitation/dissolu-
tion took place within the basement flow system that gave rise
to the veins.
OXYGEN ISOTOPE MEASUREMENTS
Oxygen isotopic measurements of selected quartz fragments
were carried out at SUERC, East Kilbride, using a laser fluor-
ination system following the technique described in Sharp
(1990). The precision on isotopic measurements is 0.2%
(SMOW).
The range in oxygen isotopic composition for each locality
is presented in Table 2. Quartz from Døvikkollen, Høga˚s and
Rasmusbra˚ten yield a similar range in d18O values from 7.9 to
11.0%. In contrast, quartz from Embretsfoss has somewhat
lower oxygen values, ranging from 5.0 to 9.1%. Quartz and
albite data from a sample from Høga˚s (Table 2) have been
combined for the purpose of geothermometry but the varia-
bility in the quartz data means that there is inevitably some
uncertainty in the interpretation (see below).
ORIGINS OF THE VEIN FLUIDS
Here, we have attempted to identify the sources of water and
of dissolved components in order to constrain the fluid flow
history that led to formation of the Modum veins. We have
assumed that the parental aqueous fluids were of seawater
or sedimentary basin origin, rather than from a magmatic
or other deep crustal source, due to the close association with
hydrocarbons and the similarities to oilfield brines (Munz
et al. 1995).
Interpretation of halogen ratios and inclusion salinities
Although the interpretation of the halogen concentrations
and ratios of brines was originally developed for the study
of oilfield waters (Rittenhouse 1967), similar principles apply
under most crustal conditions, since Cl and Br rarely enter
into silicate structures.
Analyses from the present study yield a range in Cl/Br
ratios. Many show low Cl/Br and plot close to the seawater
evaporation trajectory (SET) but others are enriched in Cl
relative to Br. Some localities have yielded both high and
low Cl/Br samples. A number of points lie to the left of
the SET or its extension as a halite addition trend, and are
likely to have lost Na through wall rock exchange reactions
(Fig. 3B).
The chemical analyses alone provide no information
about absolute salinities, but further conclusions can be
Fig. 3. (A) Histogram of Cl/Br molar ratios of inclusion fluids from all areas.
The bulk of the data has Cl/Br ratios less than seawater suggesting an origin as
bittern brines.(B) Plot of Na–Cl–Br systematics including the seawater
evaporation trajectory (SET) after Walter et al. (1990).
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drawn taking into account the microthermometric results.
Type 4 fluid inclusions are probably the dominant source of
the analysed salt in most samples due to their higher abun-
dance, and yet their salinities are generally below halite
saturation. If this inference is correct, then, since their halo-
gen ratios indicate interaction with halite, many Type 4 fluids
originated as salt-saturated brines, but were subsequently
diluted by a low salinity fluid that may have been infiltrating
meteoric water, or ‘metamorphic’ water released by clay
dehydration during diagenesis of shales.
In contrast, Type 5 inclusions are more saline than brines
produced by seawater evaporation or halite dissolution at
near-surface temperatures and these fluids must result from
concentration at elevated temperatures within the crust, for
example through growth of hydrous sheet silicates. Since
Type 5 inclusions lie at the end of a spectrum of fluid compo-
sitions, it is likely that retrograde hydration has been an
important factor giving rise to the large range in fluid sali-
nities.
In summary, there is evidence from halogen ratios and sali-
nities for addition and removal of halite from the brines, and
for dilution of salt-saturated brines by less saline waters.
Brines may have interacted with halite in the sedimentary
sequence, in the basement, or both. Type 5 inclusions, indica-
tive of high-temperature salt saturation, are relatively scarce,
suggesting that the main cause of variations in Cl/Br ratios of
vein fluids was a heterogeneous source of sedimentary brines,
with different basin aquifers having distinctive Cl/Br values.
Interpretation of oxygen isotope measurements
The measured quartz oxygen isotopic compositions can be
used to calculate the oxygen composition of the vein fluids
once their temperature has been established, although the
spread in the data highlights the likelihood of a complex his-
tory of fluid–rock interaction.
Figure 4 shows the oxygen isotopic composition of fluid in
equilibrium with the range of analysed quartz from the differ-
ent Modum localities, as a function of temperature of equili-
bration. Also shown is a curve for equilibrium with albite
having a composition ofþ7.0% (corresponding to basement
gabbro feldspar). Because the fluids did not equilibrate
with the wall rocks (see below), the he-fluid d18O values for
the vein localities were calculated using the mean Type 4
homogenization temperatures rather than from the ambient
background temperatures derived from mineral geotherm-
ometers.
There is a similar range in oxygen isotopic composition of
the vein fluids for all the sample areas (c. 0.1 to 4.3%),
including Embretsfoss, despite the temperature differences.
Values such as these are commonly reported for saline for-
mation waters in many modern sedimentary basins, but are
Fig. 4. Mineral–water oxygen isotopic fractiona-
tion curves showing the data from Embretsfoss and
all the other localities. Calculated fluid composi-
tions (Matsuhisa et al. 1979) using the mean Th at
Embretsfoss (2708C) indicates water isotopic
values ranging from 4.0 to 0.1% and values
from 4.3 to 1.3% for all other localities. Also
included is the calculated fractionation curve for
waters in equilibration with albite at þ7.0% and a
fluid in equilibrium with a gabbro with d18O values
of c. þ7.0 at 3008C (Zheng 1993).
40 S. A. GLEESON et al.
# 2003 Blackwell Publishing Ltd, Geofluids, 3, 33–48
also known from basement rocks. The key difference between
these environments is that the effect of diagenetic interaction
between pore waters and authigenic minerals in sediments is
to drive the fluid composition to higher values, whereas inter-
action with the low isotopic value minerals that typify igneous
or high grade metamorphic rocks drives fluid composition to
low values, provided the temperature is relatively low.
Fluid compositions with low isotopic values in sediments
have been interpreted as arising where meteoric waters have
interacted and partially equilibrated with basinal sediments at
low temperatures (e.g. Michigan, Illinois, Gulf Coast and
Alberta Basins; Clayton et al. 1966). Alternatively, similar
values from the Paris Basin (Fontes & Matray 1993), Alberta
Basin (Connolly et al. 1990) and Palo Duro Basin (Knauth
1988) have been interpreted as being the result of mixing
meteoric and other waters (e.g. seawater, evaporitic brines,
connate waters, etc.). For basement brines, Smith et al.
(1998) showed that the d18O fluid value of 2.3% reported
by Pauwels et al. (1993) from>2 km depth in the Soultz drill
hole in the Rhine graben was close to equilibrium with feld-
spar in the host granite. We can therefore interpret the
inferred Modum fluid compositions in terms of either sedi-
mentary basin evolution, followed by rapid infiltration into
the basement and minimal interaction with wall rocks, or in
terms of equilibration with basement rocks at relatively low
temperatures.
The fractionation factor for albite–water at 2008C is c. 8.3
(Zheng 1993), and therefore permits a fluid with a small
negative d 18O value to be derived by equilibration with albite
in metagabbro (d18O¼þ7%). Since the fractionation factor
decreases rapidly with temperature, it is not possible for fluids
to acquire a negative oxygen composition by equilibration
with basement at a significantly higher temperature than that
at which these veins formed. However, it is apparent from
Fig. 4 that interaction with basement feldspar at lower tem-
peratures, c. 1508C, could give rise to a 4% fluid. Thus,
the oxygen isotope data is consistent with the bulk of the
quartz growth being from isotopically lower fluids that
acquired their oxygen signature in either the upper, cooler
part of the basement or in the overlying basin. While it is
not possible to distinguish between these two origins, we
can exclude the possibility that the vein fluid had been mod-
ified to a significant extent by fluid–rock interactions at
higher temperatures than those of the host rocks, despite
the evidence from Type 5 inclusions that such high-tempera-
ture interactions did take place locally.
Appraisal of the evidence on fluid origins
The oxygen isotopes suggest that quartz growth occurred
from fluids that had not equilibrated with their host-rocks
along the deeper and hotter parts of their flow path. This is
also supported by the Sr-isotope measurements for bulk fluid
inclusion samples reported by Munz et al. (1995) that gave
very low Rb/Sr ratios with a range in radiogenic Sr values.
The composition of these fluids suggests that at best, only
partial equilibrium was attained with the wall-rocks in the
metagabbro-hosted vein systems. Both these lines of evi-
dence are in apparent contradiction to the occurrence of
halite-bearing fluid inclusions that homogenize at high tem-
peratures. These Type 5 inclusions demonstrate that some
water–rock interaction must have occurred along the higher
temperature parts of the flow path to result in this enhance-
ment of salinity (e.g. Markl et al. 1998). However, these
inclusions are rare, and commonly form secondary trails sug-
gesting that deep wall rock reactions occurred late in the vein
development. In view of these lines of evidence we can con-
clude that:
(1) The bulk of the quartz grew from relatively low d18O
fluids derived directly from the basin or equilibrated in the
upper part of the basement (T<2008C). It follows from
the lack of oxygen isotopic equilibration with the vein walls
that these fluids either infiltrated the veins rapidly, or were
sufficiently abundant to dominate the system, precluding sig-
nificant isotopic modification by wall rock reaction at the vein
site prior to quartz precipitation.
(2) The fluids that gave rise to the Modum quartz veins
were heterogeneous in terms of both temperature and com-
position, but were essentially brines derived ultimately from
the Caledonian foreland basin.
(3) In contrast to the foregoing, some fluid inclusions pre-
serve evidence for significant high-temperature reaction with
wall rocks at the hottest part of their flow paths, primarily in
the final stages of vein development.
Implications for quartz-forming reactions
The simplest mechanism for precipitating quartz in veins is by
progressive cooling of initially quartz-saturated fluid (e.g.
Walther & Orville 1983). However, the evidence from oxy-
gen isotopes that the vein fluid was largely derived from
cooler rocks above is incompatible with this model, if we
accept that, at temperatures in excess of 2008C, fluids are
unlikely to be able to approach silica equilibration with their
wall rocks without also exchanging oxygen isotopes. The
alternative mechanisms for precipitating silica from a fluid
that is heating, rather than cooling, are pressure drops result-
ing in gas unmixing, which reduces the solubility of aqueous
silica species (e.g. Mullis et al. 1994), or release of silica from
minerals during wall rock hydration reactions. For example,
reactions of minerals such as mica or amphibole to chlorite
can readily be written in a way that creates either quartz or
aqueous silica from which quartz is subsequently precipi-
tated. In the latter case, precipitation will occur downflow
from the site of chloritization, irrespective of change in tem-
perature unless there is a very marked increase. It is possible
that both these mechanisms played a part in the precipitation
of the Modum quartz veins.
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FLUID P–T ESTIMATES FOR VEIN
FORMATION
For fast fluid flow at the upper crustal conditions under which
the Modum veins formed, the fluid temperature and pressure
may vary independently of the wall rock P–T conditions; and
if they can be independently evaluated, this provides further
constraints for understanding the mechanisms of vein forma-
tion. Since fluid inclusions are trapped rapidly and, for these
samples, can be assumed to have been unmodified since the
time of trapping, they provide the best evidence for fluid, as
opposed to wall rock, P–T conditions. We have therefore
evaluated the fluid inclusion temperature data and inter-
preted it in the light of the information on ambient P–T con-
ditions recorded by minerals, etc. and discussed above and by
Munz et al. (2002).
Type 5 fluid inclusion isochores
The homogenization temperatures of Type 5a inclusions are
especially valuable indicators of fluid temperature during vein
formation, since hypersaline brine isochores are very steep so
that large uncertainties in pressure have little effect on the
estimated temperature. Isochores for Type 5b inclusions have
been constructed using the equations given in Bodnar
(1994). Type 5a inclusions homogenize by halite dissolution
and the construction of isochores for these systems is more
problematic due to the uncertainty in the relationship
between halite dissolution temperature and salinity noted
by Sterner et al. (1988) and discussed above. As a result,
the observed halite dissolution temperature for individual
inclusions often does not lie on the liquidus for the calculated
salinity. Instead, model salinities were adopted for which the
observed halite dissolution temperatures coincided with the
liquidus, and these formed the basis for iso-Th lines con-
structed according to Bodnar (1994). Iso-Th lines are
equivalent to isochores but, unlike isochores, they have not
been corrected for small changes in the volume of the host
mineral during experimental runs.
Results are presented in Fig. 5(B,C) as a series of iso-Th
plots for Embretsfoss and Høga˚s. In each case iso-Th lines
for Type 5a inclusions are subject to the uncertainties in fluid
composition noted above, but yield steep slopes, so that the
uncorrected homogenization temperature provides a good
estimate of the trapping temperature. In the case of Høga˚s,
the steep Type 5a iso-Th lines constructed for the highest
and lowest Th values recorded are widely separated. It is
not possible to interpret these results as due to fluctuations
Fig. 5. (A) Summary of the estimated ambient
temperatures obtained by the mineral geotherm-
ometers (this paper, Munz et al. 2002). Data from
Høga˚s suggest an average temperature in the
range 200–2358C. The only available data from
Embretsfoss suggests higher temperatures c.
2458C. Also shown are the minimum and max-
imum estimates of hydrostatic and lithostatic
pressures at a depth of 4 km, the likely maximum
depth obtained by the Caledonian foreland basin
(see text for details). (B) Iso-Th lines drawn for the
minimum and maximum values obtained for the
Type 5a inclusions from Høga˚s. The maximum
values are clearly significantly higher temperature
than the ambient temperatures in the vein
systems. (C) Iso-Th lines for Type 5a and 5b
inclusions from the Embretsfoss locality.
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in pressure at constant temperature (cf. Munz et al. 1995).
Instead, temperature must have fluctuated very significantly
(c. 160–3008C) during the trapping history. The lower part
of this temperature range has not been documented from
Døvikkollen, where Type 5 inclusions are rare. Similarly,
the Embretsfoss data requires a large range of actual trapping
temperatures (c. 200–3308C), with many inclusions trapped
at temperatures substantially greater than the ambient values
recorded by mineral thermometers.
Type 4 fluid inclusion isochores
Figure 6 shows the isochores for the maximum, minimum
and modal values of Th for Type 4 inclusions from each local-
ity, constructed using the equations of Zhang & Frantz
(1987). Inclusions from Døvikkollen, Høga˚s and Rasmus-
bra˚ten have similar ranges of Th, and these overlap the values
reported by Munz et al. (1995). The spread in the data is lar-
gely independent of salinity (Fig. 1), and therefore reflects
fluctuations in temperature and/or fluid pressure.
The isochores for modal inclusions from Døvikkollen,
Høga˚s and Rasmusbra˚ten all pass close to the ambient tem-
perature at these localities at a fluid pressure corresponding to
lithostatic pressure at a depth of 4–5 km. This result implies
that the majority of inclusions were trapped during a static
phase when fluid was no longer actively infiltrating the veins,
since significant fluid flow is incompatible with the fluid
overpressuring to near-lithostatic values indicated by the
modal isochores. At Døvikkollen, and especially Høga˚s, the
lowest Th values define isochores that lie below the estimated
Fig. 6. Minimum, modal and maximum isochores
for Type 4 inclusions from all localities.
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ambient temperature, even if fluid pressure was in excess of our
best estimates for lithostatic pressure. It is therefore possible
that some of these inclusions result from trapping at times
when fluid temperature was lower than ambient due to rapid
infiltration of cold fluid from above. This is consistent with
the evidence presented by Munz et al. (1995, 2002) for down-
ward penetration of oil that underwent heating and cracking
within the basement. In contrast, the isochores for the highest
Th fluids require fluid temperatures above ambient, as already
documented from the Th of Type 5 inclusions. While it is pos-
sible that these fluids were trapped at lithostatic pressure, if
their temperatures corresponded with the highest estimates
from Type 5 inclusions (c. 3008C, above), it is equally likely that
they were trapped at lower fluid temperatures, closer to ambi-
ent, but at near hydrostatic fluid pressure.
Results from Embretsfoss record a similar picture to that
from the other three localities, except that temperatures are
higher overall, as noted above, and in particular the isochore
for the modal Th lies above the background temperature
recorded by bitumen reflectance. Most fluid inclusions
appear to have been trapped at temperatures in excess of
2508C, and if fluid pressure was close to lithostatic, most
veining occurred at temperatures close to 3008C. Neverthe-
less, some inclusions were apparently trapped at significantly
lower temperatures,<2008C, while others yielded such high
Th values that again they almost certainly formed when fluid
pressure was significantly less than lithostatic.
Summary
A feature of this and the earlier work in the region (Munz
et al. 1995, 2002) is the wide variation in fluid inclusion den-
sities from within undeformed prismatic vein quartz. Earlier
work demonstrated evidence for fluid pressure fluctuations
during vein development, and here we have documented evi-
dence for significant fluid temperature fluctuations, both
below and above the ambient temperature. Since evidence
for these fluctuations is restricted to fluid inclusions, these
results document transient rapid fluid flow events, during
which shallow cold fluids or deep hot fluids have moved
through the fracture system.
FLUID DENSITIES AND THE MECHANISMS
OF FLUID INFILTRATION
A conclusion of the preceding part of the paper, as of earlier
studies, is that the source of the vein fluids was in sedimentary
units that overlay the basement, rather than at depth. This is
in accordance with interpretations of many other examples of
saline fluids in crystalline rocks (e.g. Frape & Fritz 1987; Sto-
ber & Bucher 1999). Nevertheless, the mechanism by which
the fluid penetrated basement rocks at Modum is not
obvious. Here, we evaluate some common fluid flow models
and set about testing them against the available data.
The extreme compositional heterogeneities of the vein
fluids and their variable homogenization temperatures are
consistent with neither a simple convection model, nor topo-
graphically driven flow (e.g. Garven & Freeze 1984; Deming
1994; Nunn 1994). Other possible driving forces for fluid
migration, including tectonic squeezing (e.g. Oliver 1986),
basinal overpressuring (e.g. Hunt 1990) and periodic seismi-
city (e.g. Sibson 1990; Muir-Wood 1994) can operate at a
range of fluid pressures, and flow may be episodic and more
applicable to this study.
Role of basin overpressure?
Results from deep drilling programmes (e.g. Mo¨ller et al.
1997) indicate that crystalline basement rocks in the upper
crust are essentially dry (see also Yardley & Valley 1997),
except locally along fractures. Fluid pressures in these lithol-
ogies therefore can be lower than hydrostatic, especially
when new fractures develop. If this is the case, then rupturing
of an overpressured aquifer in an adjacent sedimentary basin
during a deformation event that also affects the basement, is
a potential cause of downward movement of fluids. For
example, in the Pannonian basin both oil and gas have been
found in fractures in Palaeozoic rocks which form the base-
ment to the sedimentary basin, and Horva´th et al. (1987)
have suggested that this is the result of lateral flow from
the overpressured basin into fractured basement where the
hydraulic head was lower. It is unlikely that the Alum shale
of the Oslo Graben was faulted down to the level of the
presently exposed basement at the time when the veins
were formed, but the same setting permits downward as well
as lateral flow.
While there is no direct evidence of overpressure in the
overlying foreland basin at the requisite time, many aspects
of the geology suggest that this is likely to have been the case.
The foreland basin of Southern Norway is characterized by
imbricate fans and thrust duplexes developed above a sole
thrust in the Cambro-Ordovician Alum shales (Bjørlykke
1983; Andersen 1998). The presence of shales, the potential
for tectonic overpressuring and also the generation of hydro-
carbons from the Alum shales may all have contributed to the
formation of overpressured compartments above the base-
ment. Mitra & Mount (1998) used kinematic and geometric
considerations to model different styles of deformation in
basement and foreland basin cover. The results of their mod-
elling suggested that it is possible to have a fractured base-
ment that is decoupled from the folded sedimentary cover
by a thin ductile unit that can act as a basal detachment. This
is akin to the situation in Norway as envisaged by Bjørlykke
(1983). Mitra & Mount (1998) also suggested that given the
correct conditions of competency contrast between basement
and basin and the nature of the deformation, it is possible to
propagate structures downward into the basement. Thus,
very different styles of deformation in basement and basin
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can nevertheless be accompanied by a degree of hydrological
connection.
Transient flow in response to tectonic activity
The large range in temperatures indicated by the fluid inclu-
sion data is in contrast to the relatively consistent estimates
from other criteria that record a time-averaged, rather than
short-term, temperature, and this provides additional con-
straints on the fluid flow patterns. At all localities the vein sys-
tems were, at times, markedly out of thermal equilibrium
with their walls.
Studies of the possible role of migrating fluids as a cause of
metamorphic heating on a regional scale have concluded that
extraordinary degrees of focusing would be needed for the
effect of fluid flow to become significant in a metamorphic
sense (Brady 1988; Hoisch 1991). Nevertheless, migration
of hot fluids along fractures will heat up the wall rocks, and
the absence of any contact effects, or evidence for changing
the solid phase geothermometer temperatures to match the
extreme high and low fluid inclusion values, provides limits
on the duration of the flow events. Figure 7 models the
effects of heating wall rocks (initially at 2008C) at distances
from 1 cm to 10 m from a vein whose temperature is main-
tained at 3008C by flow of fluid. To match the vein-forming
episodes, flow must be sufficiently prolonged to raise the
immediate walls to the temperature of the fluid, in order to
maintain fluid temperature, but sufficiently short that heating
does not become widespread. It can be seen from the figure
that at a distance of 1 cm from the vein walls, a temperature
very close to that of the fluid is attained within about 1 day,
while only about an hour of continuous flow is need for the
temperature to reach 2908C. In contrast, even at a distance of
only 10 cm, the heating is very limited after 1 h (2248C),
although the temperature does reach 2808C after 1 day
(Fig. 7). At greater distances, flow durations of years are
needed to cause significant heating. Influx of cold fluids
would have comparable cooling effects. It follows that pro-
longed flow of fluid that is not thermally equilibrated, might
be expected to influence the solid phase thermometers used
as indicators of background temperature. The extreme fluid
inclusion temperatures sometimes observed are thus likely
to result from very short episodes of rapid flow (?hours) in
which the immediate walls of the veins alone reached tem-
peratures close to those of the source regions of rapidly mov-
ing hot or cold fluids. Most fluid inclusions appear to have
trapped under near ambient temperatures as defined by the
vein solids. This indicates that fluid flow rates were generally
too slow to perturb the thermal structure of the rock mass,
and instead the fluid became thermally equilibrated with its
walls: these slower flow events may have been more pro-
longed than the short bursts of hot or cold fluid.
SUMMARY AND CONCLUSIONS
Quartz veins in the Modum complex formed when basinal
fluids from an overlying and adjacent Palaeozoic foreland
basin were injected into the crystalline basement. Basement
temperatures were significantly higher than those in the
basin, as a result of which hydrocarbons were coked to form
bitumens, and quartz grew as a by-product of chloritization
of high-grade assemblages.
Munz et al. (1995) proposed that both hydrocarbons and
aqueous fluids entered fractures at near-hydrostatic pressures,
consistent with high flow rates, and largely irrespective of the
reservoir pressure. As the fractures became sealed in by
Fig. 7. Modelling of the heating effects of a
3008C fluid (approximating the maximum tem-
peratures seen in this study) flowing through a vein
in the host rocks at 2008C.
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quartz, fluid pressure in fractures filled with incompressible
aqueous fluids became elevated to near-lithostatic values.
Brecciated wall rock and quartz textures indicate that fluid
pressures became high enough to result in fracturing of host
gabbros and may have resulted in periodic rupturing of the
veins and the initiation of a new cycle of infiltration.
The detailed results presented here indicate that individual
veins mark complex pathways that were, at different times,
utilized for both downflow of cool fluids and return of heated
fluids from deeper levels than those now exposed. The cycli-
cal pattern of vein development is summarized in cartoon
fashion in Fig. 8, which also illustrates the fluid pressure fluc-
tuations. While the ambient temperature of the basement
during the veining process appears to have been c. 2208C
over most of the area (c. 2558C in the far south), some fluid
inclusions record excursions in fluid temperature to values
that are substantially lower (c. <1308C), or higher
(>3008C), believed to result from fast flow of fluid from
higher or lower levels. The duration of individual fast flow
events was very short (probably measured in hours to days)
in view of the lack of any broader thermal effects around
the veins, although slow flow of thermally equilibrated fluid,
recorded by most fluid inclusions, may have been more pro-
longed. Fluid pressure changes reflect three conflicting pro-
cesses: opening up of the veins to a sedimentary basin
reservoir, sealing of fluid into quartz-lined fractures that are
then liable to compression, and consumption of fluid by
hydration reactions with high grade wall rocks.
This study provides evidence that sedimentary basin fluids
may not just penetrate underlying basement in open convec-
tion cells where the basement is sufficiently fractured, they
may also be actively pumped into basement in certain tectonic
settings. This raises the question of whether fluids can be
pumped sufficiently deep into crystalline crust to trigger duc-
tile behaviour and shear zone development through local
water-weakening.
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